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Bilayer graphene has received a significant attention because of its rich electronic properties [1] . Particularly, high-quality AB-stacked bilayer graphene exhibits a tunable bandgap up to 250 meV when a transverse electric field is applied [2] [3] [4] , distinguishing itself from semimetallic monolayer graphene of zerobandgap dispersion [5] . Numerous efforts have been made to open up the band gap in the monolayer graphene yet often at the cost of drastic degradation of carrier mobility [6] . As a result, the AB-stacked bilayer graphene serves as a promising alternative in such potential applications as field-effect transistors (FETs) [7] , pseudospintronics [8] , and so forth. Among various graphene synthesis methods, chemical vapor deposition (CVD) has been widely accepted as a promising and effective approach and thus been developed in order to provide graphene sheets with various crystallinity and layer structures in a scalable, inexpensive and transferable manner [9] .
To date, a variety of catalysts have been applied to synthesize electronic-quality bilayer graphene. According to the properties of the metal catalyst, CVD growth of graphene can be categorized to follow two growth mechanisms, one via precipitation and another via surface-mediated reaction. Generally, the precipitation-driven growth appears in metal having high carbon solubility and low stability of carbide formation, such as Ni [10] [11] [12] ; whereas the surface-mediated growth prefers metals with low carbon affinity and/ or solubility, such as Cu [13, 14] . Graphene grown on pure Ni by precipitation requires careful control of carbon dissolution and precipitation because otherwise it easily forms inhomogeneous areas of randomly stacked graphene multilayers. Recent reports of graphene grown on a Cu-Ni alloy have shown mostly AB-stacked layer structure [15] , although the Ni involvement could potentially complicate the delicate precipitation process. The reason for the AB-stacking Layer-selective synthesis of bilayer graphene via chemical vapor deposition in this Cu-Ni alloy, however, is not fully elucidated. In contrast, graphene grown on Cu by surface-mediated reactions does not involve bulk diffusion or precipitation resulting in better quality and layering uniformity [13] . The CVD of monolayer graphene on Cu is by and large robust and repeatable, owing to the self-limiting nature of the surface-mediated growth [16] . The largescale production of monolayer graphene on Cu with a speed up to 500 mm min −1 has been realized by a roll-to-roll method [17, 18] . Meanwhile, the growth kin etics of monolayer graphene on Cu has been investigated systematically [19] [20] [21] [22] . It is reported that the growth of monolayer graphene based on C 2 -species precursors follows a Gompertzian sigmoidal kinetics, underscoring the contribution of a continuous carbon supply rather than crystallization from a supersaturated solution [19] .
Given the prominent success of Cu in the monolayer graphene synthesis, researchers have exerted efforts to optimize the growth of bilayer graphene on Cu. However, limited to the self-terminating nature, the process has been found to impart higher growth speed to the top primary layer than to the bottom secondary layer of graphene. As Nie et al have revealed, the secondary layer graphene nucleates and grows underneath the primary (or top) layer [16] . Consequently, the growth ceases when monolayer covers the entire Cu surface completely, leaving as low a bilayer-tomonolayer coverage ratio as a few percent. In addition, expansion of the secondary layer is often accompanied by the nucleation of the third layer, forming an inverted pyramidal configuration. To overcome these challenges, various growth techniques have been developed. Gan et al have reported secondary layer expansion by carbon penetration through the fully covered 'continuous' top-layer graphene [23] . Yet, this penetration mechanism is not necessarily correlated to high-quality continuous graphene. In addition, a Cu enclosure configuration (known as a Cu pocket) has been used to yield bilayer graphene on the outer side of the enclosure, attributed to the C bulk diffusion through the Cu foil [24] [25] [26] . However, this process is not always controllable, for it depends on how the Cu enclosure is prepared (often manually). Furthermore, bilayer graphene could be produced by manipulating the H 2 and carbonaceous precursor concentrations during CVD and/or Cu oxidation stage [27] [28] [29] [30] . Other methods of growing bilayer graphene on Cu have been reported as well, such as an epitaxial deposition of carbonaceous fragments onto an existing graphene layer and a non-isothermal growth [31] .
Despite the recent advancements, it is still challenging to produce high-quality AB-stacked bilayer graphene in a repeatable, scalable and economic fashion. Most reports so far have focused on the phenomenological aspects of the bilayer growth. For the utilization of bilayer graphene in many applications, it is necessary to optimize the CVD process systematically and thus to attain selective bilayer growth (excluding of tri-and few-layer graphene) as well as a high binaryto-monolayer coverage ratio. Specifically, it is challenging to inhibit the rapid expansion of the primary graphene layer during the enlargement of the secondary layer underneath it. The formation of a continuous graphene top layer would isolate the underlying Cu catalyst from additional carbon supply, leading to growth termination of all the layers. Although desired, the task of suspending the expansion of the primary layer while enlarging the secondary layer is considered difficult because of the disproportional accessibility of each layer to the available carbon precursor. Moreover, an active discussion on the kinetics of the secondary layer graphene on Cu remains far from completion. An in-depth understanding of the bilayer growth mechanism is crucial to provide guidance to the systematic optimization.
In order to attain the selective growth of the secondary layer of graphene as well as to better understand the underlying mechanism, here we design a growth-and-regrowth scheme, by which we show, for the first time, that the secondary layer regrowth follows the Gompertzian sigmoidal kinetics. With bolstering a postulate of a time-dependent transition of the secondary-layer expansion reaction from an early masstransport-limited to a later lattice-attachment-limited regimes, our observations identify the mechanistic difference between the growths of the primary and the secondary layers. The selective expansion of the secondary layer is the result of a preferred diffusion of the reactant adsorbates crossing the edges of the primary layer, which could be engineered by tailoring the layeredge-termination chemical states.
To promote the secondary layer expansion without allowing the primary (top) layer to cover the Cu surface completely, we conjoined two sequential processes of low-pressure CVD growth ( figure 1(a) ). First, graphene flakes were grown with an annealing step (950 °C for 30 min, H 2 (20 sccm): Ar (1500 sccm) at total pressure of 3.6 mbar), followed by short ethylene (C 2 H 4 ) exposure. In this stage, graphene was synthesized as sparsely distributed individual flakes. Upon the primary layer growth, the graphene/Cu sample was cooled down, removed from the chamber into the ambient air and then reloaded into the chamber for sequential low-pressure CVD. After H 2 annealing to reduce and reactivate the oxidized Cu during the ambient air exposure, the chamber temperature is rapidly adjusted to the growth temperature before introducing C 2 H 4 for the secondary-layer growth.
The bilayer area expanded predominantly during the regrowth as observed through scanning electron microscopy (SEM) imaging. After the first growth, each individual flake contains a small dark-contrast region at the center, corresponding to a bilayer seed, and a wide light-contrast region on the margin, corresponding to a single layer. The two layers share a common nucleation spot. After the regrowth, the bilayer area enlarges, while the overall flake size remains almost unchanged ( figure 1(b) ). No new nucleation site is formed during the regrowth. Newly attached C atoms extends the existing secondary layer. The sizes of both primary and secondary layers show quite uniform distributions across samples, indicating homogeneous growth conditions. Moreover, when the regrowth procedure was repeated in the absence of any carbon supply, neither the primary nor secondary layer expanded. This result suggests that the contribution from the remnant carbonaceous species, either dissolved in Cu or captured in the interspace between the primary graphene and Cu layers during the first growth, to the additional growth is unlikely or at least meager, and the continual expansion of the secondary layer is in fact sustained by the fresh carbon supply.
To explain the selective expansion of the secondary layer graphene during the regrowth, we designed a parametric study with various P H2 and growth temper atures. First, we carried out a regrowth at a fixed temperature (950 °C) at different P H2 (0.05 versus 0.23 mbar). We found out that the regrowth under P H2 = 0.05 mbar yielded full covering of the sample by the primary layer with negligible expansion of the secondary layer, whereas P H2 = 0.23 mbar resulted in the expansion of the secondary layer without any conspicuous change in the primary layer. This observation implies that the selective growth of the bilayer graphene is facilitated in a H 2 -rich environment. Next, we fixed P H2 at 0.23 mbar and ran the regrowth at 950 °C and 990 °C. At 950 °C, the secondary layer selectively expanded, while the primary layer area remained unchanged. At 990 °C, on the other hand, the layer expansion selectivity was switched in favor of the primary (top) layer; the primary layer expanded prominently, while the secondary-layer growth was negligible. Lastly, we evaluated the contribution of H 2 -mediated graphene etching. Pre-grown graphene samples were exposed to P H2 of 0.23 mbar and 950 °C. No pronounced etching of the pre-grown graphene was observed. Graphene etching was only notable in a very high P H2 (>1 mbar) environment, far away from our parametric window and extremely uncharacteristic for standard growth recipes we conditioned for the C 2 H 4 carbon feedstock. Therefore, the H 2 -mediated graphene etching effect could be ruled out in this investigation, and the growth can be explained simply via reactant (carbon) kinetics at the copper surface. The conditions preferable for the selective secondary-layer expansion lie around P H2 of ~0.23 mbar and temperature of ~950 °C, according to our parametric characterization result.
The growth process of the secondary graphene at an atomic level has been discussed by ab-initio calculations in a previous study, suggesting that the edge state of the primary graphene lattice could be either 'H-terminated' or 'Cu-passivated', depending on the P H2 and temperature of the CVD process and that this edge termination state determines the energy barrier for the C attachment onto the graphene lattice [32] . Accordingly, as illustrated in figure 1(c), for Cu-passivated edge, it is favorable for C adatoms to attach to the primary layer edge rather than to diffuse across the edge barrier into the area underneath the top layer; while the H-terminated edge will preferably usher the C adatoms underneath the top layer rather than being replaced by C termination. In our growthand-regrowth method, graphene flakes are exposed in ambient air at room temperature after the first growth. According to a recent DFT study, graphene edge can significantly reduce the activation barrier for the dissociation of O 2 and H 2 O on Cu, indicating a stronger oxide-forming tendency compared to bare Cu surface [33] . Taking the firstly grown graphene flakes back into the CVD chamber for regrowth, we control the edge termination of primary layer graphene by the H 2 partial pressure. In our CVD condition of relatively high P H2 and temperature, the graphene edge of the primary layer would be H-terminated, inhibiting the primary layer expansion yet rather ushering the C adatom diffusion underneath itself to promote the secondarylayer expansion; in the meantime, P H2 underneath the primary layer would be much lower than that on the bare Cu surface, and thus the secondary layer graphene would most likely be Cu-passivated, preferably facilitating the C adatom attachment; consequently, the preferred lattice attachment on the secondary layer would disfavor the further C diffusion underneath to form the third layer. In the meantime, oxygen from oxidized Cu surface as well as from Cu-graphene edge decreases the dehydrogenation barrier of carbon precursors [26] . The dehydrogenation of carbon precursors plays a key role by enabling the diffusion of C adatoms underneath the primary layer graphene to facilitate the growth of the secondary layer. Altogether, a selective growth toward the secondary graphene layer is possible.
Raman spectroscopy can characterize the stacking order, layer number, and quality of the bilayer flakes. A central area of a flake (dark contrast, figure 1(b) ), before and after the regrowth, shows a Raman spectrum with an intensity ratio between G′ to G peaks of around a unity and a full width half maximum (FWHM) of the G′ peak of ~54 cm −1 ( figure 2(a) ). The G′ peak is asymmetrically shaped and decomposed to four Lorentzian peaks posing FWHM of ~30 cm −1 each, indicating strongly an AB-stacked bilayer (figure 2(a) inset). The deviation from a single Lorentzian G′ is explained by an electronic band splitting and an interlayer coupling of the bilayer graphene [34, 35] . The marginal region of a flake shows a Raman spectrum with a G′-to-G intensity ratio higher than 2, and the G′ peak fits well to a single Lorentzian function with FWHM of 33 cm
, indicative of a single layer ( figure  2(b) ). The G′ peak center of the bilayer is blue-shifted in comparison to the single-layer area, which further confirms that the center of the flake is an AB-stacked bilayer [34] . Note that the D-to-G intensity ratio in the bilayer area is slightly higher than that in the single layer area, attributable to the defect-based nucleation, structural defects or additional grain boundaries. To further investigate the bilayer graphene flake after the regrowth, Raman maps of ′ A G (integrated area under a G′ band: 2600-2800 cm where I D rises, indicating dominant contribution from the defect initiated nucleation. The consistency of the AB-stacked bilayer before and after the regrowth confirms that the regrowth method preserves the original stacking order of the graphene.
Selected area electron diffraction (SAED) pattern is a reliable method to characterize the stacking order of the bilayer graphene. Because it can provide graphene with a global minimum potential energy surface, AB stacking is an energetically preferred configuration. By use of a 100 keV transmission electron microscope (TEM), we obtained SAED pattern for a graphene-transferred TEM grid. Diffraction pattern of a bilayer area of a typical regrowth graphene sample exhibited a single set of symmetric six-fold electrondiffraction pattern ( figure 2(g) ). This pattern is a characteristic feature of the Bernal stacked bilayer, distinguishing from turbostratically stacked bilayer graphene, in which two sets of diffraction patterns should be observed. We also observed that the outer set of the diffraction pattern originating from equivalent planes (1 − 2 1 0) shows an intensity higher than that of the inner set of diffraction spots from equivalent planes (1 − 1 0 0) ( figure 2(h) ). This feature indicates that the selected area is truly an AB-stacked bilayer rather than a single layer or a turbostratic bilayer.
In order to verify whether the AB stacking takes place at the nucleation stage or later at the expansion stage through a possible stacking reorganization process, we investigated the evolution of the stacking order of a double-layer graphene system (prepared by transferring the as-grown graphene monolayer on a SiO 2 substrate twice). Note that the van der Waals interaction between Cu and graphene is relatively weak (much weaker than the interaction of graphene with Ni and Fe) and that graphene grown on Cu is likely to reorient itself toward the thermodynamically favorable AB-stacking configuration. For an arbitrarily stacked double layer of graphene, we expect turbostratic stacking in general. If a stacking selfreorganization process during the regrowth is active considerably, the AB-stacked configuration shall take over upon the regrowth. However, we observed that as-prepared double-layer graphene was turbostratic initially and continued to exhibit turbostratic SAED pattern after the regrowth at 950 °C for 30 min (figure S3 (stacks.iop.org/TDM/4/035023/mmedia)). Raman spectroscopy also represented a monolayer characteristic including single Lorentzian G′ peaks for the double-layer graphene before and after the regrowth, indicating an unchanged turbostratic stacking configuration. Our observation does not support the significant self-reorganization between double graphene layers in the regrowth process. Hence, we conclude that the stacking configuration taken at the initial nucleation stage is likely to preserve itself, attributable to energy optimization.
Next, we further elucidate the kinetics and associated mechanisms of the regrowth responsible for the selective growth. We statistically determined the timedependent flake sizes of both primary and secondary layers of graphene by averaging 100 random flake sizes of each sample and repeating it for various regrowth durations and temperatures (figures 3(c) and S1). The primary layer area remains unchanged upon regrowth. The secondary layer expansion could be rationalized by a Gompertz function of the form:
where A is the area of the secondary graphene flake (µm 2 ), A max is the maximum area of secondary graphene flake (µm 2 ) at the growth saturation, µ m is the maximum growth rate (dA/dt at the inflection point), e is Euler's number, λ is the time lag (min) measured by the abscissa intersection of the tangent drawn from the inflection point, and t is the growth time (min). The recursive least squares (R 2 ) was >0.98 throughout the analyses. A few observations are crucial to understand the underlying secondary-layer expansion kinetics. First, the secondary layer extends at an initially increasing speed. This observation rules out the possibility of supersaturation as a major carbon supply for the secondary-layer expansion. If the carbon supply for the secondary layer is from pre-dissolved C in Cu bulk or in defects of a Cu foil, the growth rate would decrease monotonically. Our data of the initially increasing growth rate indicate that the expansion of the secondary layer is an outcome of continuous carbon supply. Second, the secondarylayer expansion eventually reaches saturation, suggesting that the maximum areal coverage is finitely determined given the carbon precursor supply and the thermodynamic CVD condition. Moreover, we note a time shift of the inflection point toward an earlier moment as temperature increases. It is known (g) and (h) TEM characterization of the bilayer graphene: (g) a typical SAED pattern taken from the central bilayer area of a graphene flake, displaying a single set of diffraction patterns; (h) a corresponding intensity profile along the blue box of (g).
that an appearance of the inflection point in the Gompertzian kinetics hints a competition between two opposing mechanisms in the growth. For the monolayer graphene growth, the competition has been proposed to be between the Cu-sublimationpromoted desorption of C adatoms and intermediate species and the dissociative dehydrogenation of C 2 H 4 [19] . The higher the temperature, the more enhanced the Cu sublimation with extending the incubation period to a later moment. Interestingly, the kinetic trend we observed here for the secondary-layer expansion is opposite to that for the monolayer, likely associated with a new Cu environment covered with the primary layer. Providing that the primary flake area is constant during the regrowth, the amount of the uncovered Cu area and the related Cu sublimation are ought to be unchanged. Besides, the growth of the secondary layer takes place underneath the primary layer, where Cu sublimation is basically negligible. At high temperatures, dissociation and dehydration as well as surface diffusion of C adatoms are all likely to be active. Thus, the fast formation and transport of C adatoms can facilitate their entrance to the narrowly confined 2D channels, or interspace, in between the primary layer and the underneath Cu surface. As the result, shortened incubation at increased temperature is justified for the secondary-layer growth.
The above mechanism was further investigated by quantifying the dispersive kinetics and the associated energetics of the graphene regrowth in a time-temperature parametric window. To extract information pertaining to the activation energy pathways, the evolving secondary layers were monitored over a growth time (t) window of 7-60 min and a temperature window of 890-970 °C (figures 4(a) and S1). The growth rate at each regrowth temperature was evaluated as a function of inflection-point-normalized time (t/τ), in order to correspond the temperature-dependent growth rate to the rate of the equivalent secondary-layer formation reaction ( figure 4(b) ). The corresponding activation energies (E A ) can be obtained as a function of the normalized time. Time-variant E A is known to be associated with dispersive reaction kinetics [19] . The overall ensemble-averaged E A decreases with time to a minimum value of 1.4 eV ( figure 4(c) ) and then increases as the growth slows down toward satur ation. E A at the inflection point (t = τ) is often used to characterize the rate limiting step in the Gompertzian kinetics, since it represents the turning point of the slope of the curve from positive to negative and is an inherent property of the cascade reactions responsible for the dispersive kinetics. At t < 0.2τ the Arrhenius plot is highly nonlinear (figure S2), which implies that the secondarylayer expansion reaction lies in a mass-transfer-limited growth regime rather than in a reaction-limited one. The plots take linearity as the growth proceeds (0.5τ < t < 5τ), suggesting the chemical-reactionlimited regrowth. After 5τ, the growth rate becomes negligibly small due to the growth saturation, nullifying the Arrhenius analysis.
To identify the rate limiting step using E A , we account for the processes discussed above: (a) hydrocarbon adsorption on Cu; (b) surface diffusion on the bare Cu or the graphene-coved area; (c) catalytic dissociation/dehydrogenation into various intermediates and C adatoms; (d) surface diffusion across the primary-layer edge; and (e) graphene lattice construction for the secondary-layer expansion. It is unlikely that the process is limited by surface diffusion on the bare Cu or the graphene-coved area, for its energy barrier lies below 0.5 eV. The C 2 H 4 adsorption is also unlikely to limit the reaction because of its small E A (<0.1 eV). In the case of the catalytically dissociative dehydrogenation of C 2 H 4 on Cu, the energy barrier (>2 eV) is rather much higher than our measurement (1.4 eV). The energy barrier for the lattice attachment of C adatoms (1-2 eV) seems finally to fall in the common E A range of our measurement.
We have speculated in the earlier discussion that the two competing mechanisms participating in the secondary-layer regrowth to be the dissociation/ dehydrogenation of C 2 H 4 and the lattice attachment. According to one first principle calculation, C monomer is the dominant active species for the secondary-layer growth, as it is most likely to diffuse underneath the top (primary) layer [32] . As atoms are believed to diffuse underneath the primary layer, the distance between the primary layer graphene and the metal substrate could be increased [36] . Species such as C 2 and C x H y have significantly larger formation energy difference on the Cu surface underneath the graphene cover as compared with on the uncovered Cu, stemming from the energy required for C 2 and C x H y species to diffuse underneath the graphene layer. As a result, a huge concentration drop underneath the graphene cover is expected. Based on the above discussion, we can draw a kinetic picture of the secondary-layer regrowth process. As C 2 H 4 approaches a graphene flake sample on a Cu substrate during the regrowth, it adsorbs onto the bare Cu area; under our CVD condition, graphene is catalytically inactive, ruling out direct carbon deposition on it. Subsequently, the adsorbed C 2 H 4 either desorbs from the catalyst or enters into catalytic decomposition and dehydrogenation. The formation of C adatoms requires full decomposition and dehydrogenation of C 2 H 4 . The dehydrogenation depends on the oxygen from the oxidized Cu surface, H 2 concentration, and the CVD temperature. In our CVD conditions, the remaining reactants on Cu are expected to decompose and dehydrogenate into a mixture of C adatoms, dimers, and intermediate hydrocarbon species, which can spontaneously go through additional surface reactions until lattice attachment or desorption occurs. Depending on the detailed constituents, these species are free to diffuse around the bare Cu surface with a relatively low energy barrier. In diffusing underneath the primary layer and conducing to the secondary-layer expansion, C adatoms encounter another energy barrier depending on the termination status (H-terminated or Cu-passivated) of the primary-layer edge. When the edge is H-terminated, the approaching C adatoms could preferably diffuse underneath the layer across the edge. It is the process of decomposition and dehydrogenation of C 2 H 4 to C adatoms required in the prior state that leads to the low yet increasing expansion rate of the secondary-layer expansion during the initial phase. With time, C adatoms amass on the uncovered Cu surface and diffuse underneath the primary layer until the supply reaches the demand at the inflection point. Afterwards, lattice attachment becomes the rate-limiting step for the secondary-layer expansion. In the meanti me, as C monomers diffuse underneath the primary graphene layer, so do H atoms. C and H atoms have to compete for the edges of the secondary graphene layer. According to a report, underneath the primary layer, C diffuses slower than H, likely attributable to the smaller size of the H atom [36] . The lattice attachment rate of C adatoms slows down as the finite number of Cu catalytic sites underneath the primary layer are increasingly occupied by H adatoms. Eventually, the growth reaches saturation when the edges of the secondary layer are dominantly H-terminated. Preference of the secondary-layer edge termination is a function of temperature that results in the temperature-reliant satur ation area of the bilayer flake. Indeed, our kinetics data shows that the saturation area of the bilayer graphene is a function of temperature. Saturation usually occurs after a long period of time, around 30 min, after which the secondary layers do not expand any longer. Postulating that it is the continuous carbon supply rather than initially captured carbon amount that drives the secondary-layer expansion, we construct a model for the saturation size of the secondary layer in the regrowth process. We first define the primary-layer-covered area to be a domain D 1 , the secondary-layer-covered area as D 2 , and a subdomain D = D 1 − D 2 . The domain D 1 has a fixed area during the regrowth because the primary layer does not expand or is not etched away. Therefore, the outer domain area, which is the bare Cu surface, is also fixed. We model the overall regrowth reaction into three individual reversible reactions:
where C ∞ and H ∞ are the areal concentrations of the C and H adatoms entering the domain D, respectively, S D stands for the catalytically active Cu sites unoccupied by C or H yet, C D and H D are the areal concentrations of the adsorbed C and H within the subdomain D, and the 'graphene' within the domain D stands for the secondary layer graphene per unit area. We assume that C and H adatoms bind competitively to the available surface sites of Cu uncovered with graphene. S Gr is the graphene edge sites participating in C attachment. As the C attachment on the edge of H-terminated graphene is much harder than on C-terminated graphene (energy barrier of 1.67 eV versus 0.71 eV, respectively) [32] , we assume that the graphene edge site turns inactive for additional C attachment once it is terminated by H. Note that the detachment of C from the C-terminated edge sites is easier than C detachment from H-terminated edge (1.33 eV versus 1.67 eV). At the saturation state, the overall graphene edge sites are terminated by H or C. The H-terminated edges are inactive for further graphene expansion, and the C-terminated edges lie in equilibrium between C attachment and detachment. We can express the rate of the D-entering (r +1 ) and leaving (r −1 ) C adatoms to be r +1 = k +1 C ∞ S D and r −1 = k −1 C D , respectively. Then, the surface concentration of C and H can be expressed as C D (1 -θ Gr ) = ρ s θ C , and H D (1 -θ Gr ) = ρ s θ H , where ρ s is the areal density of the surface sites on Cu, and θ C , θ H , θ Gr are the factional coverage of C, H, and graphene, respectively. S D is related to the fractional coverage of the vacant sites within D, θ s , as S D = ρ s θ s . The fractional coverages satisfy θ C + θ H + θ Gr + θ s = 1.
At equilibrium, we define the equilibrium constant
where ΔH and k B are the activation energy and Boltzmann constant, respectively. Similarly, for the domain-entering H, r +2 = k +2 H ∞ ρ s θ s and r −2 = k −2 H D , respectively, and the corresponding equilibrium constant, K 2 , is
(5) Finally, for the graphene formation step, we consider the balance between attachment (r +3 = k +3 C D S Gr ) and detachment (r −3 = k −3 S Gr ) of C adatoms to obtain the corresponding equilibrium constant, K 3 :
Solving for the graphene coverage, we obtain 1 3 = −1.03 eV, which agrees with our data within 5%.
The temperature-reliant saturation behavior of the secondary-layer regrowth kinetics could be supported well by the model of competitive attachment of C and H on the secondary-layer graphene edge. High temper atures promote C adatoms to diffuse underneath the primary layer and attach rapidly on the secondary-layer edge (reactions (1) and (3)); yet they also accelerate the H termination of the graphene edge leading to early termination (saturation) of the secondary-layer expansion. In contrast, low temperatures decelerate both the C attachment and the H termination on the graphene edge. Overall, the impact of the CVD temperature on the C attachment rate outweighs that on the H termination, resulting in a positive correlation between the regrowth temper ature and the saturation area of the regrown bilayer flake.
Compared with the monolayer graphene growth on Cu, our secondary-layer regrowth mechanism exhibits a few clear disparities. First, growths of the primary and the secondary layers take distinct time scales. The growth time scale for the secondary-layer regrowth is one-order-of-magnitude larger than that for the primary-layer growth. Second, E A at the inflection point of the secondary-layer expansion is much lower than that of the monolayer growth. A typical value for the monolayer growth is around 3 eV [19] , which revokes C 2 H 4 dissociation and dehydrogenation. The much longer time scale and lower activation energy of the secondary-layer expansion kinetics suggest disparate rate-limiting mechanisms between the monolayer growth and the secondary-layer expansion underneath the primary-layer cover. In the bilayer regrowth mechanism, there is an extra energy barrier for the reactants to overcome in association with the penetration across the primary layer edge. This edgestate-related barrier can usher in C adatoms selectively among other (intermediate) species, thereby inducing the layer-selective growth. If combined with an initial insufficient amount of adsorbed reactants outside the primary layer cover, this barrier could also be coresponsible for a sluggish supply of C adatoms at the very early stage of the secondary-layer regrowth, manifested by the appearance of a mass-transport-limited reaction regime at this stage.
Conclusion
Our analysis affirms that the chemical state of the graphene edge plays a critical role in the synthesis of ABstacked bilayer graphene. The growth-and-regrowth method enables in part the size-controlled growth of the bilayer graphene by rendering the edge of the top primary layer H-terminated and that of the underneath, primarylayer-covered one Cu-passivated; in this way, one can allow an optimal expansion of the secondary layer with holding the size of the primary layer. The Gompertzian kinetics of the secondary-layer expansion is observed as an outcome of both the dissociation/dehydrogenation of C 2 H 4 into C adatoms (at an initial stage of the CVD process) and the C-adatom attachment to the extending lattice of the secondary layer (after the inflection point). When the growth comes to saturation, the temperaturereliant area of the bilayer graphene is resulted from the competitive attachment of C and H adatoms onto the secondary-layer edge. Our investigation can offer insights into the layer-selective synthesis of AB-stacked bilayer graphene as well as provide guidance for the CVD process optimization. Strategies to manipulate the edge state of the primary layer graphene and the activities of the adsorbed reactants could be established in order to promote the dissociation/dehydrogenation of the carbon feedstock, the diffusion of C adatoms underneath the primary layer, their attachment to the secondarylayer edge, and consequently the growth efficacy of the bilayer graphene flakes.
